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Abstract 
Typical material used by the Tennessee Department of Transportation for 
highway bases was evaluated for application to the new Mechanistic-Empirical 
Pavement Design Guide.  Two types of granular Tennessee highway base material 
were mixed with different stabilizers and tested in the lab according to AASHTO 
T-307 99 (2003).  Unconfined Compressive Strength and California Bearing 
Ratio tests were also done in an effort to correlate these results with resilient 
modulus.  Three different combinations of base and stabilizer were tested and 
modeling coefficients were produced.  Base structural layer coefficients were 
generated and compared to coefficients currently in use by TDOT.   
 
Keywords: Resilient Modulus, MEPDG, stabilized base, UCS, CBR 
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New and adaptive technologies, as well as new engineering techniques based on 
engineering mechanics are allowing designs and methods to be more exact and 
rely less on conservative empirical estimates that, in the past, might have wasted 
money.  Hence the new Mechanistic-Empirical Pavement Design Guide 
(MEPDG) was created to allow better precision when designing one of the 
nation’s greatest assets, its transportation system of roads (NCHRP 1-37A, 2004).  
Most roads and highways are either a flexible pavement (hot-mix asphalt) or a 
rigid pavement (Portland cement concrete).  Though this may be the portion of the 
road you see, there are actually several distinct layers that make up pavement 
system.  Both rigid and flexible pavements have a layer in between the surface 
and subgrade, or native ground, called the base, or base course.  The base 
materials act to transfer the loads of the surface material to the earth.  The base is 
usually made of an abundant, readily and locally available material that fulfills 
certain engineering requirements, such as strength, durability, low cost, high 
permeability, and ease of placement.  In the state of Tennessee, the characteristics 
of base course material vary with geographic region.  West of the Tennessee 
River, brown rounded gravel with clay is typically used.  In Middle and East 
Tennessee, a crushed limestone is used.  Generally these bases are laid without 
any additives, but in some cases they are modified and stabilized.  This report 
investigates the engineering properties of stabilized, or bound, base course, 
specifically the property most important to pavement design, resilient modulus.  
Resilient modulus is the ratio of applied cyclic stress to resilient, or recoverable, 
strain.  
 
Currently the Tennessee Department of Transportation (TDOT) uses an estimated 
layer coefficient for stabilized base course when designing pavements.  The new 
MEPDG suggests all agencies submit their widely used materials to a series of 
test to better model their performance and better engineer their pavements.  The 
results of tests on limestone-cement, gravel-cement, and limestone-fly ash-lime 
stabilized base materials are contained herein.    
2 Materials 
2.1 Aggregates 
Two aggregate bases were used in this study:  Limestone base, obtained from a 
quarry in Clarksville, Tennessee and Gravel Base obtained from a quarry in 
McNairy County, Tennessee.   These are both typical materials used as road base 
by the Tennessee Department of Transportation.  Both materials can be seen in 
Figure 2-1.  A detailed description of both materials and their geologic origin was 
described by Kilday (2008) as follows:   
“The limestone base material used for this project came from Vulcan Materials 
quarry located in Clarksville, Tennessee.  This quarry is located in the Western 
portion of the Highland Rim physiographic region.  The Highland Rim 
completely surrounds the Central Basin and is characterized by characterized by 
rolling terrain dissected by sharply incised valleys with numerous streams. 
Published geologic information indicates the site lies within the St. Louis 
Limestone and Warsaw Limestone Formation.  These formations typically consist 
of light to medium gray, very fine to medium-grained, thin to thick-bedded, 
fossiliferous limestone containing numerous chert stringers and nodules.  Soil 
formed by the in-place solution weathering of the parent limestone formation 
normally consists of reddish brown silty clay of low to moderate plasticity with 
occasional zones of high plasticity.  Often bands of partially and unweathered 
chert exist within the overburden soil.  The soil/bedrock interface is irregular with 
soil slots extending into the bedrock unit and more resistant pinnacles protruding 
into the soil zone. 
The gravel base material used for this project came from Martin-Marietta 
Aggregate’s quarry located in McNairy County, Tennessee.  This site was chosen 
due to the fact it is located in the Coastal Plain physiographic region.  The West 
 
(a) (b) 
Figure 2-1 Aggregates used in testing (a) Limestone (b) Gravel 
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Tennessee Coastal Plain is defined as the area west of the Tennessee River divide 
and to the east of the loess hills that flank the Mississippi River Valley.  This area 
is known as an area of relatively low relief.  Published geologic information 
indicates the materials at the Martin-Marietta quarry consist of high level alluvial 
deposits.  The high level deposits are characterized by iron-stained gravel, sand, 
silt, and clay.  These deposits are variable in thickness but generally less than 60 
feet thick.” 
To classify the materials, both were sieved according to ASTM C136-06 (2006), 
Standard Test Method for Sieve Analysis of Fine and Coarse Aggregates.  Grain 
size distribution curves were created for both materials and can be seen in Figure 
2-2.  It can be seen that the limestone material lies within the TDOT requirements 
for maximum and minimum particle size based on TDOT Specification 309 
(2006) Aggregate-Cement Base and TDOT Specification 312 (2006) Aggregate-
Lime-Fly Ash Stabilized Base course.  Both are aggregates that meet the 
conditions of TDOT Specifications 903.05 (2006) Aggregate for Mineral 
Aggregate Base and Surface Courses and TDOT Specification 903.15 (2006) 
Aggregate for Aggregate-Cement Base Course.  Atterberg Limits of the portion of 
the dry soil passing the #40 sieve are given in Table 2-1.  These were obtained 
using ASTM D4318-05 (2005).  The Limestone base material is classified as SW-
SC, well graded sand with clay and gravel, based on ASTM D 2487-06 (2006).  
According to the AASHTO Classification system (1993) this same material is A-
2-4(0), silty or clayey gravel and sand, which corresponds to a material that has an 
excellent to good rating as a subgrade.  The West Tennessee gravel material is an 
SP- poorly graded sand with gravel, according to the Unified Soil Classification 
System and is A-2-6(0) according to AASHTO (1993).  Again, this is a silty or 
clayey gravel and sand that is an excellent to good subgrade.  According to 
MEPDG Table 2.2.51, an A-2-4 material has a typical Resilient Modulus range 
from 28,000 to 37,500 psi, an SW-SC material has a typical resilient modulus 
range from 21,500 to 31,000 psi, an A-2-6 material has a typical Resilient 
Modulus range from 21,500 to 31,000 psi, and an SP material has a typical 
resilient modulus range from 24,000 to 33,000 psi. All of these values are for the 
unbound material, so it is safe to assume bound base test values will be much 
higher.   




























Table 2-1 Atterberg Limits obtained from portion passing #40 sieve (after Kilday, 2008) 
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Three different binders were added to the aggregates to create the stabilized 
samples.  Cement was used with both types of aggregates while both lime and fly 
ash were used with the limestone aggregate.  Type I Portland Cement from Buzzi 
Unicem, USA, Signal Mountain plant was used for binding the limestone and 
gravel aggregates at a rate of 3% by weight of the dry material.   (1lb dry 
aggregate would be mixed with 0.03 lb cement)  This cement content was chosen 
as per TDOT Specification 309.06-Cement Application, Mixing and Spreading of 
Aggregate-Cement Base Course, where the specified cement content is 3-5%.  It 
is important to note that 3% gives the low end of the strength for this base 
material.  Class F Fly ash and Lime were added to the limestone aggregate at a 
rate of 11% and 3.5%, respectively, by dry weight as per TDOT Specification 
312.03- Proportioning of Aggregate-Lime-Fly Ash Stabilized Base Course (1lb 
dry aggregate would be mixed with 0.035 lb lime and .11 lb fly ash).  Chemical 
components of the cement and class F fly ash used are presented in Tables C-1 
and C-2 in Appendix C (Tinsley, 2007). 
 
2.3 Moisture Density 
Aggregates were oven dried, passed through a ¾ inch sieve and stored in the 
laboratory in separate containers until needed for testing.  Since the sample size 
was to be 6” diameter by 12” height cylinders, larger particles were removed for 
testing purposes.  Dry aggregates were mixed with their specified amount of 
stabilizer (cement or lime and fly ash) and the water content varied to determine 
the maximum dry density (unit weight) and optimum moisture content from 
standard Proctor tests.  Moisture-Unit Weight relationships were determined for 
each material using AASHTO T 99-01, Moisture Density Relations Using a 2.5-
kg (5.5-lb) Rammer and a 305-mm (12-in.) Drop- Method D, with the exception 
that the dry stabilizing material was thoroughly mixed with the dry aggregate 
prior to the addition of the water.  Unit weight plays an important role in the 
strength of bound materials. (cite Appendix paper here@#$).  For a certain 
material, an increase in unit weight typically means an increased strength.  The 
addition of water, up to a certain amount (optimum moisture content, will help 
materials compact and move around, becoming more dense and allowing more 
particle interlocking.  Water also initiates and fuels the chemical processes that 
give the stabilized materials their extra strength.   
 
The relationships with water and dry unit weight for the materials in this study are 
shown in Figure 2-3 and the maximum dry unit weight and optimum moisture 
content are shown in Table 2-2.  Both the limestone-cement and limestone-fly 
ash-lime have similar maximum dry unit weights, but the variation with water 
content is different.  Limestone with fly ash and lime can be seen to have a high 
dry unit weight before any water is added and then a decrease with the addition of 
water and then the typical moisture-density curve exhibited by most soils.  Fly ash 
feels very fluid-like to the bare hands and flows fairly well.  This, along with the 
large amount of fines relative to the cement treated limestone, allows the 
limestone fly ash mix to compact well.   The water must be added to provide for 
hydration.  In spite of the difference in the moisture-unit weight curves, both 
limestone bases showed little variation of optimum water content or maximum 
dry unit weight.  Gravel Cement has a higher water content and a lower dry unit 
weight than the two limestone bases.  Based on the maximum dry unit weight and 
optimum moisture content shown in Table 2.2 for the untreated base materials, the 



























Limestone Cement Limestone- Fly Ash- Lime Gravel Cement
 












Gravel Cement 8.8% 128 
Limestone 
Cement 7.8% 136 
Limestone, Fly 
Ash, and Lime 7.6% 137 
Gravel* 8.5% 129 
Limestone* 9.0% 136 




All equipment used in this study to complete material testing is part of the 
Geotechnology and Infrastructure Materials Laboratory located in Estabrook Hall, 
University of Tennessee, Knoxville and listed below.  A listing of testing 
equipment used in this study is available in Appendix C.  
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3 Test Procedure 
Tests were conducted on three combinations of the two different base materials.  
Materials were oven dried and particles larger than ¾” were removed.  Resilient 
modulus and unconfined compression samples were constructed in a typical 6” 
diameter x 12” cylindrical plastic concrete mold. These molds were surrounded 
by a metal mold of the same height and an extension collar was bolted onto the 
top to allow for extra material to be compacted and shaved and leveled off later.  
The metal mold guarded against deformation and provided support around the 
plastic mold while specimens were compacted with the proctor hammer.  CBR 
test samples were prepared in typical CBR molds with collars as per AASHTO T-
193-99(2003), The California Bearing Ratio.  Appendix C provides details of the 
lab equipment.   
3.1 Resilient Modulus Specimen Preparation 
Using the optimum moisture content, maximum unit weight, and respective 
binder content as a target, the proportions of all materials were carefully weighed 
and prepared to make the desired number of specimens for resilient modulus 
testing.  Generally, either 3 or 6 specimens were made at once and material was 
prepared for CBR and strength testing from the same batches as used for resilient 
modulus tests.  Dry aggregate was loaded into a pre soaked mixer and dispersed, 
followed closely by the binder.  A small amount of the total water was added to 
keep fine particles from floating away and then the contents were mixed 
thoroughly.  While the contents were stirring, the remainder of the water was 
added and the mixer was spun until a thorough blend was achieved.  
Representative samples were taken from the mixer and used to create each 
specimen.  Concrete cylinder molds were filled in 5 equal lifts and compacted 
with 56 blows from a standard Proctor hammer (5.5lb and 12 in. drop) being 
applied to each lift.  More than enough material was placed in each mold so the 
collar of the mold could be taken off and the material extending past the top of the 
mold scarified and the top be leveled off.  A thin concrete or lime-fly ash paste 
was applied to help level the top of the specimen and assume full contact with 
loading platen.  Specimens were then weighed in order to obtain unit weights and 
moisture content samples were taken from the same portion of the mix from 
which the samples were taken.  Finally, the specimens were capped, numbered, 
and placed in a humid room for six days.  On the sixth day, samples were strong 
enough to be broken out of molds and then were renumbered and placed back in 
the humid room until the time of testing.    
 
3.2 Resilient Modulus Testing 
Samples were removed at the proper time, either 7 or 28 days, and tested 
according to AASHTO T 307-99(2003).  A vacuum was placed on a membrane 
stretcher to place the membrane around the sample without disturbing it.   The 
sample was then sealed and O-rings placed around the ends and a vacuum was 
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applied to the sample while the top of the cell was placed on, screwed down, and 
the entire cell lifted onto the loading frame.  Vacuum pressure was released and 
drain valves opened while confining pressure and initial vertical contact pressure 
were applied.  After the confining pressure stabilized, the specimen was tested 
according to the schedule in Table 3-1 which shows the targeted stresses applied.  
Resilient modulus tests are performed over a range of stress states, each 
producing a different value of the resilient modulus.  Sequence 0 was a 
conditioning sequence run with 500 load applications.  The controller directed the 
hydraulically applied load to get approximately the targeted stresses based on a 6 
inch diameter and 28.2740 inch2 area.  The cyclic loading was applied over a 
period of 0.1 second, followed by a 0.9 second rest interval as specified by 
AASHTO T 307-99.  However, the specified haversine load pulse was 
approximated by a triangular load pulse.  600 load and displacement readings 
were taken every second, which provided a complete load-displacement history.  
The actual applied stress and measured strain used to determine the resilient 
modulus, rathe that the target cyclical stresses were measured.  After sequence 0 
was run, the cell was vented to equilibrate and then the 3 psi confining stress was 
applied.  Whenever confining stress was increased, enough time was allowed in 
between tests for the pressure readings to stay constant.  After completion of 
resilient modulus testing, all samples underwent unconfined compression tests.   
 
 
Table 3-1 Schedule of testing from AASHTO T-307(2003) 









psi psi psi psi 
No. of Load 
Applications 
0 15 15 13.5 1.5 500-1000 
1 3 3 2.7 0.3 100 
2 3 6 5.4 0.6 100 
3 3 9 8.1 0.9 100 
4 5 5 4.5 0.5 100 
5 5 10 9.0 1.0 100 
6 5 15 13.5 1.5 100 
7 10 10 9.0 1.0 100 
8 10 20 18.0 2.0 100 
9 10 30 27.0 3.0 100 
10 15 10 9.0 1.0 100 
11 15 15 13.5 1.5 100 
12 15 30 27.0 3.0 100 
13 20 15 13.5 1.5 100 
14 20 20 18.0 2.0 100 




3.3 Unconfined Compression 
Unconfined Compression tests were run on all 6” diameter by 12” height samples 
following resilient modulus testing to determine their Unconfined Compressive 
Strength (UCS).  These tests are easy, quick, and inexpensive to run and are used 
to give an approximate modulus for some materials.   ASTM D 1633-00, Standard 
Test Methods for Compressive Strength of Molded Soil-Cement Cylinders, was 
followed for all UCS tests regardless of material.  Method B was followed, except 
cylinders were 6” in diameter and 12” in height, as opposed to the 2.8” in 
diameter and 5.6” in height samples specified.  When resilient modulus testing 
was finished, each sample was carefully taken to the UCS machine and its 
membrane removed.  Two neoprene end caps were used to ensure the load was 
spread over a more representative area, in case samples were not completely flat 
on the top or bottom.  The sample and end caps were then placed on the Universal 
Testing Machine.  The sample was loaded in the same direction as the resilient 
modulus test.   The machine was programmed to load the sample at a rate of 0.05 
inch/min (displacement controlled test).  UCS is only concerned with the ultimate 
load a sample undergoes, but for purposes of this study, the displacement 
measurements were recorded in addition to the load measurements in an effort to 
derive a modulus relationship.  Specimens were loaded until a peak load was 
reached and then decreased to 97% of the peak.  Once the compression phase was 
over, samples were unloaded at a constant -0.05 inch per minute until a load no 
longer existed, with both loads and displacements recorded.  To investigate the 
effect of resilient modulus testing on the strength, 7 and 28 day unconfined 
compression and unloading tests were also run on samples that did not undergo 
resilient modulus testing.  These samples were prepared in the exact same way as 
the resilient modulus samples. 
  
3.4 California Bearing Ratio 
California Bearing Ratio (CBR) tests were performed alongside Resilient 
Modulus and Unconfined Compression tests.  The CBR is a simple and 
inexpensive test that many state highway departments use for correlation with 
other tests, such as resilient modulus.  Tests were conducted in general 
accordance with AASHTO T-193-99(2003), The California Bearing Ratio.  
Materials were weighed and prepared in the same way as the Resilient Modulus 
specimens.  Materials were compacted in a CBR mold with an extension collar in 
three flights of equal height.  Each flight was compacted with a standard proctor 
hammer (5.5lb. and 12in. drop height) using 56 blows per layer.  After 
compaction, the collar was removed, excess material was scraped off the top and 
any remaining voids were filled with fines.  The sample and mold were then 
weighed to obtain a unit weight and representative moisture samples were taken.  
After samples were prepared and weighed, a CBR platen with 10lb surcharge ring 
was placed on the top surface of the material and sample was placed in a humid 
room.  After 6 days, the entire sample, mold, platen, and weights were submerged 
in buckets with water approximately 1 inch over the top of the mold.  The samples 
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were left to soak for one day.  On the seventh day, samples were removed from 
the buckets and allowed to drain for 30 minutes prior to CBR load testing.  The 
platen was removed and the ring of surcharge weights was placed back on the 
sample.  A CBR piston with a 3 inch cross sectional area was placed in the middle 
of the surcharge rings, ensuring it was in contact with the surface of the material 
prior to testing.  The Universal Testing Machine loaded each sample until the 
piston had penetrated the material 0.4 inches.  This was done at a rate of 0.05 inch 
per minute.  
4 Test Results 
4.1 Resilient Modulus 
For each specimen that was tested for resilient modulus, sixteen large data files 
were created.  Each data file stored time, load, and two different displacement 
readings for the entire sequence.  Every second, six hundred data points are 
collected from each linear variable differential transformer, or LVDT, and the 
load cell.   This is an adequate amount to define the load pulse that is intended to 
mimic a moving wheel load.  Typical stress and strain data are shown for a time 
of one second in Figure 4-1.  The tenth of a second load pulse and nine-tenth 
second rest specified by AASHTO T-307 are shown.  This loading is repeated 100 








=                      (1)                    
Where  
rM  = Resilient Modulus 
cyclicS  = cyclic (resilient) axial stress = cyclic axial load/ initial cross-sectional 
area of specimen 
rε  = resilient (recovered) strain due to  = resilient axial deformation/ 
original specimen length 
cyclicS
 
Because the modulus of aggregates is so dependent on the level of applied stress, 
the test is performed over a range of stresses to measure the resilient response.  
For a given stress state or test sequence, the resilient modulus was obtained by 
finding the maximum and minimum loads each cycle and their corresponding 
displacements.  These values were then used to determine the cyclic stress and 
resilient strain. The last 10 resilient moduli from each sequence were averaged 
together to give a representative resilient modulus for that stress state.  Figure 4-2 
shows the last 10 cycles of sequence 15 for a 28 day Limestone fly ash and lime 
sample D6.  This is typical data obtained from a resilient modulus test and offers a 
visual interpretation of resilient modulus.  A report was generated for each 
sequence that stated the last 10 resilient moduli and corresponding deviator 
stresses.  The average deviator stress was used along with the known confining 
pressure for each sequence to calculate octahedral shear stress and bulk stress.   
Where: 
τoct = octahedral shear stress 
 = ( ) ( ) ( )2322312213
1 σσσσσσ −+−+−  
 12
 = dσ3
2    for Mr test on cylindrical specimen.  
 
θ = bulk stress = σ1 + σ2 + σ3 = σd + 3σ3 for Mr test on cylindrical 
specimen.  
σ1 = major principal stress  
σ2 = intermediate principal stress = σ3 or confining pressure for Mr test 
on cylindrical specimen.  
σ3 = minor principal stress/ confining pressure 
σd = deviator stress 
 
In some cases, data was missing from the data logger and gave false modulus.  
Each sequence was scrutinized and when this happened the 9 best sequences were 
averaged. After each sequence was analyzed, all 15 sequences were put together 
to generate a model for each sample individually based on octahedral shear stress 
and bulk stress.  Summaries of all samples’ resilient modulus testing can be found 
in Appendix B. 
 










































Seq 15 , 20 psi, loads 90 - 100 

























Figure 4-2 Typical Final 10 Cycles of Resilient Modulus Test 
 
4.2  Unconfined Compressive Strength 
Results of Unconfined Compressive Strength (UCS) testing can be found below 
in Table 4-1.  UCS was taken to be the ultimate load experienced by each sample 
divided by its initial area.  Six samples of each material were tested after resilient 
modulus testing at 7 day strength, three samples of each material were tested after 
resilient modulus testing at 28 day strength, three samples of each material were 
tested without resilient modulus testing at 7 day strength, and three samples of 
each material were testing without resilient modulus at 28 day strength.    The 
average of each of these groups is what is reported in Table 4-1.  Individual UCS 
test summaries can be found in Table C-1 and C-2 in the Appendix.  Three 
limestone-fly ash-lime samples were made and cured for 28 days in a 100˚ F 
water bath to see if the materials conformed to TDOT specification 312-02.  













Table 4-1 Unconfined Compression and CBR Test Results 
  Unconfined Compression Test 
  7 day (psi) 28 day (psi) 
  with RM no RM with RM no RM 
CBR 
  (n=6) (n=3) (n=3) (n=3) (n=6) 
Gravel- 
Cement 182 237 345 310 503 
Limestone- 
Cement 213 267 408 306 527 
Limestone- 
Fly Ash Lime 157 158 255 281 568 
n= number of specimens tested 
 
 
4.3 California Bearing Ratio 
CBRs were only tested after 7 day curing.  6 samples of each aggregate and 
binder mixture were tested for California Bearing Ratio at maximum dry density 
and optimum moisture content.  The average of each material is reported in Table 
4-1.  CBR is expressed as the ratio of stress at a penetration of 0.2 inches to 
standard stress of 1500 psi.  This value was always greater than the ratio of stress 
at a penetration of 0.1 inches to standard stress of 1000 psi.  Individual CBR test 
summaries can be found in Table C-3 in Appendix C.   
5 Discussion of Results 
 
As discussed previously, the resilient modulus varies as a function of bulk 
stress and octahedral shear stress.  A typical resilient modulus-deviator stress 
relationship for the three treated base materials is shown in Figure 5-1, while 
Figure 5-2 shows the resilient modulus- bulk stress response. A general increase 
in resilient modulus with deviator stress can be seen in Figure 5.1.  The effect of 
confining pressure is evident from Figure 5.1 and is also represented in Figure 5.2 
through the bulk stress.   
 
Each sample was modeled with the suggested 2003 Mechanistic-Empirical 
Pavement Design Guide (MEPDG) equation for the resilient modulus, Mr, of the 























τθ                       (2) 
 
Where  
 Mr = resilient modulus 
 θ = bulk stress = σ1 + σ2 + σ3
 τoct = octahedral shear stress 
  = ( ) ( ) ( )2322312213
1 σσσσσσ −+−+−  
 Pa = normalizing stress (atmospheric pressure) 
k1, k2, k3 = regression constants (obtained by fitting resilient modulus 
test data to equation) 
 
σ1 = major principal stress  
σ2 = intermediate principal stress = σ3 for Mr test on cylindrical 
specimen.  
 σ3 = minor principal stress/ confining pressure 
    
A summary of the model constants each sample tested is presented in 
Table 5-1 including the individual modeling coefficients k1, k2, and k3.  A high 
coefficient of determination, r2, for each sample suggests that the stabilized base 
materials are well represented by the mechanistic-empirical model (every sample 
except two, C1 and C6, are above 0.90).  When modeled as an individual material 
the coefficients of determination are considerably less, but still are believed to be 
reliable.   
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Figure 5-1 Typical resilient modulus vs. deviator stress for (a) gravel-cement, (b) limestone-
cement, and (c) Limestone-fly ash-lime samples.   
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Figure 5-1 cont’d- Typical resilient modulus vs. deviator stress for (a) gravel-cement, (b) 































Figure 5-2  Typical resilient modulus vs. bulk stress for (a) gravel-cement, (b) limestone-






















































Figure 5-2  cont’d -Typical resilient modulus vs. bulk stress for (a) gravel-cement, (b) 
limestone-cement, and (c) limestone-fly ash-lime samples. 
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Table 5-1 Overall Summary of Resilient Modulus Samples 
Model Parameters 








k1 k2 k3 r2
A1   optimum 8.28% 132.0 184 3079.730 0.394 0.498 0.931
A2   optimum 8.11% 130.8 212 1562.452 0.271 1.761 0.932
A3   optimum 8.71% 130.2 172 1202.578 0.971 0.469 0.973
A4   optimum 9.14% 130.5 171 2790.655 0.403 0.570 0.987
A5 optimum 8.88% 128.5 194 1306.887 1.433 -0.495 0.973 
A6 optimum 8.92% 132.3 158 1443.905 0.587  0.822 0.952
4A1  optimum 8.55% 128.7 341 2003.444 0.468 0.222 0.980




optimum        7.34% 128.8 376 2953.090 0.782 -0.111 0.980
B1   optimum 7.03% 138.5 193 1592.736 0.784 0.437 0.926
B2  optimum 6.94% 137.8 173 1955.028 0.892 -0.137 0.992
B3   optimum 8.14% 133.9 210 2402.817 0.658 0.069 0.966
B4  optimum 8.15% 134.5 212 1593.053 1.180 -0.396 0.949
B5 optimum 7.76% 136.2 230 3796.166 0.472 -0.066 0.977 
B6 optimum 7.30% 137.3 258 2784.585 0.804 -0.142 0.962 
4B1  optimum 7.31% 138.8 418 2592.266 0.773 -0.091 0.979




optimum        7.91% 137.4 376 2394.377 0.391 0.572 0.992
C1   optimum 6.99% 139.0 149 1780.476 0.377 0.893 0.898
C2   optimum 7.15% 139.6 164 2437.056 0.396 0.605 0.967
C3  optimum 7.25% 138.5 229 1376.407 1.191 -0.247 0.914
C4 optimum 7.30% 139.3 128 1932.406 0.352  1.092 0.909
C5 optimum 7.20% 139.5 142 2205.087 0.522  0.699 0.905
C6 optimum 7.14% 140.3 127 1894.927 0.617  0.415 0.877
4C1  optimum 7.29% 138.3 204 2009.565 0.348 0.614 0.980





optimum        6.78% 138.5 304 1609.028 0.308 0.684 0.927
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Equation 2 shows just how much resilient modulus is dependent on stress 
states.  The major and minor principal stresses play an important role and care 
needs to be taken when estimating these parameters.  As you go deeper in the 
pavement, a higher bulk stress and octahedral shear stress based on geostatic 
stresses will be encountered, leading to a resilient modulus that varies with depth.  
In the 2003 MEPDG, k1, k2, and k3 are the inputs, not the resilient modulus or 
layer coefficient for base materials.  The new design guide goes on to describe k1, 
k2, and k3 further: 
 
“Coefficient k1 is proportional to Young’s modulus.  Thus, the values for 
k1 should be positive since Mr can never be negative.  Increasing the bulk stress, 
θ, should produce a stiffening or hardening of the material which results in a 
higher Mr.  Therefore, the exponent k2, of the bulk stress term for the above 
constitutive equation should also be positive.  Coefficient k3 is the exponent of the 
octahedral shear stress term.  The values for k3 should be negative since 
increasing shear stresses will produce a softening of the material (i.e. a lower 
Mr).”  (MEPDG, 2003) 
 
A similar relation of the coefficients to the stress terms can be seen from 
the materials tested in this study with the exception of the k3 term.  The above 
description was describing the response of unbound granular materials.  The k3 
term for bound granular materials can be seen to have both positive and negative 
values, within a range of about +/- 1 and approximately centered on 0.   
 
Six samples of each material were tested at a 7 day cure and three samples of each 
material were tested at 28 day cure.  Figure 5-3 shows the comparison of 7 and 28 
day experimental resilient modulus results for the three base materials tested.  The 
mean is shown by the bars, with the range of each group of tests shown by the tick 
marks and lines.   There is very little difference in the two curing periods for 
limestone and cement and the disparity could be attributed to the difference in the 
number of samples tested.  Likewise, there is little difference between 7 and 28 
day strength for the gravel cement, and, although the ranges of moduli are slightly 
greater, they are greater for both 7 and 28 day curing times.   On the other hand, 
the limestone, fly ash, and lime samples behave differently than the samples 
stabilized with cement.  Fig 5-3(c) shows the 28 day moduli to be consistently 
less than the 7 day samples.  This could be due to extended exposure to the air 
during its curing time, resulting in an erosion of the chemical bonds built up by 
the lime and fly ash, which is an effect called carbonation (Little, 2000).     
 
Both the cement treated gravel and cement treated limestone were modeled with 
both the 7 day and 28 day samples together, as no significant difference was 
observed from the resilient moduli of the two curing periods.  Limestone with fly 
ash and lime showed discrepancies between the 7 day and 28 day curing periods.  
The 28 day samples generally showed a decrease in modulus compared to the 7 
day, especially in the sequences with higher stresses.  Because it was assumed  























































































































































































Figure 5-3 - Resilient modulus comparison of 7 and 28 day samples of (a)Limestone cement, 
(b) Gravel Cement, and (c) Limestone, fly ash, and lime. 
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that the curing affected the 28 day resilient modulus of the limestone with fly ash 
and lime samples, the model parameters were generated solely from 7-day sample 
data.   
 
Figure 5-4(a) shows the relationship between the overall mean resilient modulus 
of all 9 (7 and 28 day) limestone cement samples for each sequence and the ideal, 
or target, maximum bulk stress, θ, that should be experienced from the samples on 
each sequence.  This depicts a good correlation between the two as the general 
shape of the bar chart is nearly outlined by the line graph.  Sequences 10 and 13 
specifically are significant because these two points represents two of the 5 
changes in confining pressure and the decrease in overall bulk stress goes along 
with a decrease in resilient modulus.  Figure 5-4(b) shows the same relation of 
resilient modulus but this time it is depicted along with theoretical maximum 
octahedral shear stress.  The general shape of the two is the same, but it can be 
seen that the resilient modulus is not as strongly correlated to the shear stress.  
The groupings of three sequences with the same confining pressure and changes 
in confining pressure are even more evident in the depiction of octahedral shear 
stress/bulk stress, Figure 5-4(c).  The theoretical maximum bulk stress and 
octahedral shear stresses come from the earlier definitions and the AASHTO T 
307 guidelines for loading for each sample.  These stresses are shown in Table 3-
1.  It should be noted that each sequence and each sample were not necessarily 
tested at the exact target cyclic and constant stress, but the actual stress values 
were used for the calculation of resilient modulus and the development of the 
mechanistic-empirical model.  Deviations from the target stresses originated from 
the load controlling module, but since the resilient modulus is a function of stress 













































































































Figure 5-4 Typical relationship of resilient modulus with (a) bulk stress, (b) octahedral shear 
stress, and (c) octahedral shear stress/ bulk stress.  
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Figure 5-4 cont’d - Typical relationship of resilient modulus with (a) bulk stress, (b) 







6.1 Overall MEPDG models for Resilient Modulus 
Older pavement design equations, such as those proposed by Rada and Witczak 
and the 1993 AASHTO Pavement Design Guide, among others use only bulk 
stress to model resilient modulus.  The 2003 MEPDG however uses both 
octahedral shear stress and bulk stress to model it.  Both models were investigated 
and the newer model gave a higher r2 value for every sample as would be 
expected by the addition of a variable.  The lowest individual r2 from the MEPDG 
model was 0.877 and the overall average from 27 resilient modulus tests was 
0.954.  The single stress state bulk stress model used a different definition of 
resilient modulus than is proposed in the 2003 MEPDG.  Until recently, the 
resilient modulus was defined as the deviator stress divided by resilient strain.  
Inconsistent definitions make it hard to compare current moduli to those obtained 
in the 80s and 90s.  Once again, the resilient modulus used in this paper was the 
cyclic stress divided by the resilient strain.  The model is defined in terms of three 
variables, k1, k2, and k3. A summary of all individual model parameters as well as 
the goodness of fit and other soil properties is given in Table 5-1.  The 
development of each equation and relation of tested value to predicted value can 
be found in Appendix B for each sample that underwent resilient modulus testing.   
 
An overall resilient modulus model was created for each material.  For all 
limestone-cement and gravel-cement samples, both 7 and 28 days test samples 
were used to obtain an overall model.  For the limestone-fly ash- lime samples, 
only the 7 day tests were used.  The characteristic coefficients for each material 
and the coefficients of correlation, r2, are listed in Table 6-1.  As expected, the r2 
for the overall models are somewhat lower that the r2 for each of the individual 
tests as represented in Table 5-1.  However, the overall models have coefficients 
of correlations from 0.77 to 0.84 which suggests good performance.  Figure 6-1 
compares the overall MEPDG material model with the experimental test results 
for each of the three materials.    
 
 
Table 6-1 Overall model equations for each material 
  k1 k2 k3 r
2
Limestone-Cement 2364.025 0.734 0.021 0.844 
Gravel-Cement 1855.515 0.702 0.409 0.767 



























B1 B2 B3 B4 B52 B62 4B1 4B2 4B3
(a.) Limestone and Cement 
 





















A1 A2 A3 A4 A5 A6 4A1 4A2 4A3
 
(b.) Gravel and Cement 
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Figure 6-1 Experimental results vs. Overall models for (a.) Limestone and cement, (b.) 
Gravel Cement, and (c.)  Limestone, Fly Ash, and Lime 
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6.2 Layer Coefficients 
In the 1993 AASHTO Pavement design guide, resilient modulus for untreated 
base material was used to obtain a structural layer coefficient, a2, as defined in 
equation 3. 
 
( ) 977.0log249.0 102 −= BSEa        (3) 
Where 
BSE  = Resilient Modulus 
a2  = structural layer coefficient for base 
 
 
In this method of pavement design developed from the AASHO road test in 1962, 
a2 was able to be predicted by resilient modulus, CBR, Texas Triaxial, or R-value 
testing.  A nomograph was developed to relate all these to one another.  Similar to 
the untreated base, a nomograph was developed that related 7 day unconfined 
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compressive strength and resilient modulus to the same structural layer 
coefficient, a2.  A resilient modulus of approximately 100,000 psi correlates to a 
structural coefficient of 0.26.  The standard makes no mention about amount of 
cement or other types of binder.  (AASHTO, 1993)  
 
With the new 2003 model of resilient modulus, a layer coefficient is no longer 
needed; only k1, k2, and k3 need to be put in.  MEPDG software takes into account 
these parameters and other material properties to model the pavement.  However, 
an attempt is made here to obtain a layer coefficients for the three base materials 
tested.  In general, if you go deeper in the base layer, the resilient modulus will 
increase.  Using the 1993 equation, this would give a varying layer coefficient 
with depth.  To more easily digest the results, the stress conditions calculated at 
the middle of the pavement layer were used to obtain the predicted modulus from 
the developed equations.  Finite Element and Layered Elastic theory were used to 
determine the stresses in the pavement layers.   
 
There is a fundamental difference between stresses induced in the laboratory tests 
and the stresses the base layers are exposed to in the field.  The pavement layers 
in the field are connected in a theoretically “infinite” horizontal layer.  A wheel 
load only compresses a small area of this layer and creates bending stress.  The 
laboratory samples are not exposed to this same type of stress due to its size and 
loading.  The test setup mimics some important features of the real world loading 
but simply can not mimic others.  A constant horizontal stress is applied by the 
confining pressure to act like geostatic horizontal stress that actually increases 
with depth.  The confining pressure is also not able apply additional horizontal 
stress, whether it be positive or negative, that would be due to bending.  The size 
of the samples also do not allow for bending since the vertical load is applied over 
the entire horizontal area.  The resilient modulus modeling of these tests only take 
into account the horizontal stress due to confining pressure.  In some cases in the 
field, the bending stress applies a tension and decreases the horizontal stresses and 
therefore the bulk stress, and leads to a weaker modulus from the model.  The 
stresses were calculated in the middle of the layer to neglect as much of the 
bending stress as possible.   
 
Typical pavement thicknesses for an interstate and a state road were considered 
for this investigation.  Figure 6-2 shows a schematic layout for the three different 
pavement sections considered.  The “thick” pavement is a typical design for 
Interstates in Tennessee, the “medium” is a typical design for a State route in 
Tennessee, and the “thin” is a smaller pavement created just to see the additional 
effect of modulus and layer coefficient based on depth of asphalt.  All subgrades 
are assumed to be infinitely thick in relation to the other two layers.  Except the 
base layer modulus which was thrice iterated, all material properties were kept the 
same for all three cases and initial conditions are summarized in Table 6-2.  Each 
pavement section investigated was subject to a circular load with a radius of 6 
inches and pressure of 100 psi to mimic a semi truck wheel.  Stresses were 
investigated directly under the center of this loading.  ADINA-AUI 2007 900 
node version finite element software and linear elastic response was used for this 
investigation.  Each section was modeled as a half space with axisymmetric, 9-
node elements.  Vertical boundaries were allowed only vertical translation and 
that bottom horizontal boundary was fixed in all directions and rotations.   A no-
friction contact surface was placed between the asphalt layer and the base material 
where stresses were in question.  A representative finite element mesh is pictured 
in Figure 6-3, showing the contact surface, mesh and loading.  After vertical and 
horizontal stresses were obtained for the middle of the base layer, and resilient 
moduli were calculated using the individual model parameters, the process was 
repeated with the only change being the modulus of the base, and then the layer 
coefficients were obtained using equation 3.  The final modulus of the base layer 
and layer coefficients after three iterations are shown in Table 6-3.  The stresses 
obtained appear to correspond to the lower half of the range of stresses under 
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Table 6-2 Initial Layered Material Properties and Stresses at Mid-layer of Base 
  E1 , psi v1 H1, in. E2 , psi v2 H2, in. E3 , psi v3 H3, in. σ1 ,psi σ3 ,psi 
Thick 400000 0.35 19 60000 0.35 10 15000 0.45 "∞" 7.167 3.459 
Medium 400000 0.35 11 60000 0.35 10 15000 0.45 "∞" 10.357 3.764 














Table 6-3 Modeled Moduli and Layer Coefficients for Pavements 
  Limestone-cement Gravel Cement 
Limestone fly ash 
lime 
  MR a2 MR a2 MR a2
Thick 33090 0.15 26928 0.13 28478 0.13 
Medium 38473 0.16 31386 0.14 32836 0.15 









Limestone (unbound) 0.14 
Gravel (unbound) 0.13 
Limestone & Cement 0.23 
Gravel & Cement 0.23 
Limestone with Lime 
and Fly Ash 0.28 
 
 
The Tennessee Department of Transportation currently uses fixed standard layer 
coefficients for pavement design.  These values, for both bound and unbound base 
materials, are summarized in Table 6-4.  Layer coefficients generated for bound 
base materials from resilient modulus-stress state relations and Equation 3 are 
drastically smaller than the accepted coefficients in use by TDOT today.  They are 
about the same as the coefficient of unbound gravel.  Clearly, using a higher stress 
state will lead to a higher resilient modulus and therefore a higher layer 
coefficient using equation 3.  It is difficult to use the 2003 MEPDG resilient 
modulus modeling parameters to obtain a layer coefficient that is used for the 
1993 Pavement Design Guide due to the fact that many of the latter’s  
relationships are empirically obtained from studies and tests conducted nearly 40 
years ago at the AASHO road test in Ottawa, Illinois (Van Til, 1972).   
 
 
6.3 Correlations to Resilient Modulus and Layer Coefficients 
An attempt was made to correlate simpler tests to resilient modulus and layer 
coefficients.  48 Unconfined Compression Tests, on samples that had and had not 
undergone resilient modulus testing and 18 CBR tests were used with empirical 
correlations to obtain resilient modulus and base layer coefficients.  Table 6-5 is a 
summary of predicted moduli and layer coefficients based on CBR values and 
Table 6-6 is a summary of the predicted moduli generated based on UCS. 
  Several different approximate models are used in these tables.  First, using stress 
strain data from UCS tests, a hyperbolic relationship between stress and strain 
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was assumed to find an initial tangent modulus..  Using this same data, a visual 
modulus was estimated by finding an approximately linear part of the stress strain 
curve during the UCS tests.   
 
Also, the 2003 MEPDG suggests correlations between UCS and resilient modulus 
for lime stabilized soil and lime cement fly ash (Table 2.2.42).  These 
relationships are also shown in Table 6-6.  The range of these predicted values 
from the various methods are very encouraging as they are approximately the 
range of values obtained from resilient modulus testing for each sample 
(Appendix B).  Also, the low end of the range corresponds with the moduli 
obtained from the constitutive equations with generated parameters from testing 
and stresses experienced during sequence 3 of resilient modulus testing which is 
about the same stress states as the middle of the base layer experiences in “thick” 
pavement aforementioned.   
 
Figure 6-4 shows a summary of predicted resilient moduli and layer coefficients.  
The range of all the values can easily be seen as well as the many methods used 
for predicted and estimating the layer moduli and coefficients. It is also easy to 
see how they compare to the standard values TDOT uses currently.  The dashed 
line is Equation 3 plotted out.   
 
 
Table 6-5 Predicted Moduli and Layer Coefficients based on CBR 
    Predicted based on AASHTO T193 
Predicted based on 
Rada & Witczak 
  Actual CBR Mr a2 Mr a2
Gravel- 
Cement 503 136928 0.302 178786 0.331 
Limestone- 




568 147954 0.310 201783 0.344 
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Table 6-6 Predicted Resilient Moduli Based on UCS (units = psi) 




      
                ASTM C 593 ASTM D 5102 Range σ1= 12 








   σ2= σ3
    Mean  Std. Dev. Mean 
Std. 
Dev. Mean  
Std. 
Dev. Mean  
Std. 
Dev. Mean  
Std. 
Dev. Mean  
Std. 
Dev. Min  Max
pred MR at 
seq 3 
7 Day                200 34 348 146 134039 60521 46035 10951 100056 17124 34794 4247 34794 134039 34682
Gravel-
Cement 
28 Day                328 28 707 236 108522 38626 46056 3261 163750 14088 50590 3494 46056 163750 35353
7 Day                231 40 329 109 76758 21053 33229 9046 115389 19923 38596 4941 33229 115389 38327
Limestone-
Cement 
28 Day                357 65 559 212 121269 13329 49944 7310 178500 32410 54248 8038 49944 178500 45399
7 Day                157 31 212 69 75669 29132 30525 8454 78500 15439 29448 3829 29448 78500 36464
Limestone-
Fly Ash-
Lime 28 Day                268 38 368 61 138948 35208 45081 11373 134000 18950 43212 4700 43212 138948 32130
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Hyperbolic Initial Tangent 7 Day
Hyperbolic Initial Tangent 28 Day
Visually Estimated Modulus 7 Day
Visually Estimated Modulus 28 Day
Lime Cement Fly Ash Relation 7 day
Lime Cement Fly Ash Relation28 day
Lime stabilized Soils Relation 7 day
Lime stabilized Soils Relation 28 day  
(a) 
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Middle of Med GC
Middle of Thin GC
Gravel (unound)  (TDOT)
Gravel & Cement (TDOT)
Hyperbolic Initial Tangent 7 Day
Hyperbolic Initial Tangent 28 Day
Visually Estimated Modulus 7 Day
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Lime Cement Fly Ash Relation 7 day
Lime Cement Fly Ash Relation28 day
Lime stabilized Soils Relation 7 day




Figure 6-4 Layer Coefficients for (a) Limestone Cement, (b) Gravel Cement, and (c) 
Limestone Fly ash Lime 
 
 35




















Middle of Thick LFAL
Middle of Med LFAL
Middle of Thin LFAL
Limestone with Lime and Fly Ash (TDOT)
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Visually Estimated Modulus 28 Day
Lime Cement Fly Ash Relation 7 day
Lime Cement Fly Ash Relation28 day
Lime stabilized Soils Relation 7 day




Figure 6-4 cont’d - Layer Coefficients for (a) Limestone Cement, (b) Gravel Cement, and (c) 
Limestone Fly ash Lime 
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7 Summary and Conclusions 
 
Laboratory resilient modulus tests have been conducted on bound base materials 
typically used in the state of Tennessee:  Limestone cement, gravel cement, and 
limestone-fly ash-lime.  Tests were analyzed based on Level 1 input for the 2003 
MEPDG and coefficients for input into MEPDG software were obtained for each 
of the three stabilized base materials.  To provide a conservative estimate of 
response, the cement bound materials were tested on the low end of the range 
allowed (3% out of the specified 3-5% cement content).  These materials would 
be expected to have higher resilient modulus values if a larger amount of cement 
were used.  The materials combined with lime and fly ash had slightly lower 
resilient modulus values than expected which could be due to the curing process 
or dysfunctional lime.  Tests conducted at 28 days for these samples were ignored 
and only the 7 day resilient modulus tests were used to model the limestone-fly 
ash-lime combination.   
 
It was difficult to correlate resilient modulus tests with layer coefficient because 
stress states in typical thick TDOT pavement layers were lower than expected.  
Better correlations existed between UCS and CBR tests with resilient modulus.  
These empirical relations gave ranges of moduli that were typically recorded 
during the lab testing and layer coefficients that were comparable to those that are 
currently in use by TDOT.  Currently it is not suggested that TDOT change its 
layer coefficients for bound base materials based on the tests in this report.  
However, should the 2003 MEPDG ever be implemented by TDOT, it is 
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Lim, Seungwook and Zollinger, Dan G.  Estimation of the Compressive Strength 
and Modulus of Elasticity of Cement-Treated Aggregate Base Materials.  
Transportation Research Record, Vol. 1837.  p. 30-38.  Paper No. 03-4448. 
 
Experiments were done on 189 samples of cement treated aggregate base 
(CTAB)(4% and 8% cement).  Cement content, coarse aggregate content, and fine 
aggregate content were investigated.  Some samples were conventional crushed 
limestone base.  CTAB generally has higher cement and coarse aggregate 
contents and an elastic slab like performance.  Tensile strength and flexural 
strength were 10 -25 % of unconfined compressive strength (UCS).  (Generally 
accepted is 10% for design).  Modulus is hard to get from tests, so a relationship 
between modulus and UCS is desired.  Maximum aggregate size was ¾”.    4” by 
8” Samples tested at 1, 3, 7, and 28 days.  Recycled concrete samples were 
weaker than base samples probably due to high optimum moisture content and 
therefore a high water/cement ratio.  Cement content appears to be the most 
influencing factor for the strength development regardless of aggregate type.   
Anew time dependent model of compressive strength is proposed with new 
coefficients based on 28 day compressive tests.  Modulus was investigated using 
initial secant at 25% of the ultimate stress.  A revamped ACI equation for 
modulus is derived that is more conservative and more applicable to base 
materials.  Typical modulus values are given and can be used to compare my 
results.   
 
White, Gregory W. and Gnanendran, Carthigesu T.  The Influence of Compaction 
Method and Density on the Strength and Modulus of Cementitiously Stabilised 
Pavement Materials.  The International Journal of Pavement Engineering, Vol. 6, 
No. 2, June, 2005, p. 97- 110.   
 
Density has a significant effect on strength and modulus.  Compaction method 
had no effect.  Australian practice is to determine OMC and MDD density of 
aggregate itself and then add a percent or two.   Samples compacted with 
standard, modified, and gyratory compaction.  In their lit review a reduction of 
UCS was observed when time between adding water and compaction increased.  
In their lit review shows increasing RM with time.    Used slag-lime binder for 
tests in 85 to 15 by dry mass ratio.   Mixed  with 7%  binder to aggregate dry 
weight.    Adding binder increased OMC and had mixed effects on MDD.   
Recycled material had enough fines already and addition of binder led to a 
decrease in MDD.  New material as improved by addition of binder so MDD 
stayed the same or slightly increased.  Recycled could also be less angular and 
rounded  interlocking less.  Compaction method is concluded not to be a 





Mohammad, Louay N.,  Herath, Ananda,    Rasoulian, Masood,   and Zhongjie, 
Zhang.  Laboratory Evaluation of Untreated and Treated Pavement Base 
Materials: Repeated Load Deformation Test.  Transportation Research Record: 
Journal of the Transportation Research Board, No. 1967, Transportation Board of 
the National Academies, Washington, D.C., 2006, pp.78-88. 
 
Pavement performance depends on resilient modulus as well as permanent 
deformation and other factors.  A permanent deformation test is needed.  Many 
factors affect permanent deformation including: material type, gradation, moisture 
content, dry unit weight, and deviator stress.  Lab tests were run on treated and 
untreated samples taken from the field.  Samples were 6” in diameter by 12” in 
height, compacted in 6 layers using vibratory hammer.  Samples were sealed with 
polythene bags and left for 28 days curing in humid room.  Non traditional 
resilient modulus testing was done.  Confining and cyclic stresses weren’t 
changed, only additional cycles were performed.   One material showed high 
resilient modulus values but permanent deformation showed it was unstable under 
reported loading (the permanent deformation vs. number of load curve never 
leveled off).  Even materials with same resilient modulus had drastically different 
permanent strains, showing resilient modulus test alone is not enough to model 
pavement design.  Permanent deformation tests ordered the materials as 
performers in the same order as resilient modulus (non typical RM).  There could 
be possible differences in the loads applied during tests of each material.   
 
Konrad, J.-M. The Use of Tangent Stiffness to Characterize the Resilient 
Response of Unbound Crushed Aggregates.  Canadian Geotechnical Journal. No. 
43 pp.1117-1130, 2006.  Published on the NRC Research Press Website at 
http://cgj.nrc.ca on 22 November, 2006.   
 
Granular unbound samples are tested in this study.  Poisson’s ratio is known to 
vary with stress level in granular material.  Most models use constant Poisson’s 
ratio.  4” in diameter by 8” height samples.  Samples made in 2 half molds with 
membrane with 25 blows per layer and 6 layers.  0.2 hertz loading with load cell 
inside triaxial cell.  The same sample can be used over a variety of stress paths as 
long as the maximum deviator stress does not exceed 60% of the peak shear 
strength of the material.  This study claims RM is secant modulus and non-unique 
and that tangent modulus is a better measure.  This paper has little to contribute to 
my research.  . 
 
 46
Van Til, C.J., McCullough, B.F., Vallerga, B.A., and Hicks, R.G.  Evaluation of 
AASHO Interim Guides for Design of Pavement Structures.  National 
Cooperative Highway Research Program Report 128.  Highway Research Board, 
Washington, D.C. 1972 
 
This report shows a summary of a questionnaire of all 50 state transportation 
organizations.  Layer coefficients for cement treated base course varied from 0.12 
to 0.30 depending on organization.  .  Layer coefficients for lime treated base 
course varied from 0.05 to 0.30 depending on organization.  “It was decided as a 
result of Coffman that layered elastic theory could be used as a first step in 
determining variations of structural layer coefficients.”  Typical pavement moduli 
used for analysis:  Asphaltic concrete- 150,000(summer) to 900,000 psi, 
Aggregate base- 15,000-30,000 psi, subgrade-3,000 to 15,000 psi.  4500 lb, 70 psi 
dual wheel load were used with layered elastic theory.  Charts are given for 
determination of a2 based on other material properties for both untreated and 
treated base.  These are the same charts used in the 1993 design guide!  Orignal 
AASHO road test data suggested 0.15-0.23 for cement treated base and 0.15- 0.30 
for lime treated base.  These are either established from the road test or estimated 
with engineering judgement.  These numbers are applicable only to the materials 
and environmental conditions at the AASHO road test.  Arizona revised AASHO 
coefficients and they were generally lower.  Cement treated base- 0.15 to 0.29.   
Untreated base varied from 0.06 to 0.14 
 
Lominac, John Kent.  Adaptation and Correlation of the Tennessee Method of 
Flexible Pavement Design to the AASHO Interim Guide.  Masters Thesis. 
University of Tennessee, 1973.  
 
“The structural number is an index number derived from an analysis of traffic and 
roadbed soil conditions.  Layer coefficients are empirical relationships between 
structural number and layer thickness which expresses the relative ability of a 
material to function as a structural component of the pavement. ” Tennessee 
specific values are needed based on AASHO Interim Pavement Design Guide.  
There are many environmental and geologic differences between Illinois and 
Tennessee. CBR was selected to obtain soil support index numbers.  “This value 
has no theoretical or rational relationship to engineering characteristics of soils.”  
Limestone base and sandy subbase materials were tested and were from all parts 
of Tennessee.   A relationship similar to the layer coefficient  a2 from 1993 PDG 
is given.  SSV = 5.77Log(CBR)- 2.65.  Calculated layer coefficients for surface: 
0.4-0.44, base: 0.1-0.30, and subbase: 0.04-0.11.  Static and dynamic CBR tests 
were done to correlate to soil structure value, SSV.  An attempt to correlate 
Modulus of Elasticity from Triaxial tests to layer coefficient was undertaken.   A 
nomograph was created relating Modulus, CBR, and layer coefficient.   
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Huang, Yang H.  Pavement Analysis and Design, Second Edition.  Pearson-
Prentice Hall, Upper Saddle River, New Jersey, 2004.   
 
 
Base course is used to control pumping, frost action, drainage, and reduce critical 
stress in concrete, and subbase can be used as filter.  Typical values for cement 
treated materials and lime fly ash materials – 0.15.  It is recommended that layer 
coefficient be based on resilient modulus.  Typical values of theta are from 5 to 30 
psi, depending on depth of base layer, asphalt concrete thickness, and roadbed soil 
resilient modulus.   
 
Shao, Y. and Monkman, S.  Carbonated Cementitious Materials and Their Role in 
CO2 Sequestration.  From “ Measuring, Monitoring, and Modeling Concrete 
Properties. Ed.  M.S. Konsta-Gdoutos, 353-359. Springer, Netherlands, 2006.   
 
Carbonation of concrete materials can create early strength and sequester excess 
carbon dioxide.  5 % of global carbon dioxide emissions come from cement 
production.  A lot of cement is being produced and due to global warming an 
effort is being led to use other cementitious materials such as fly ash, or use other 
methods to control carbon dioxide emissions.   Carbonation was done for 2 hours 
and a water to cementitious ratio of 0.15 was used.  Rectangular samples were 
made of only cementitious paste and no aggregates.  Three point bending tests and 
compressive strength tests were performed directly after two hour carbonation.  
Loose and compacted samples were also tested to see if porosity affects the 
absorption of CO2.  Hydrated samples were also made and tested at 7 days.  
Loose samples reached distinctively higher temperatures when under pressure for 
2 hours( carbonation is an exothermic reaction).  Cement samples carbonated for 
2 hours had higher compressive strengths then samples hydrated for 7 days.  Fly 
ash and lime were considerably less than the cement samples and also had about 
twice the carbonation degree as the cement samples.   
 
Khunthongkeaw, J and Tangtermsirikul, S.  Model for Simulating Carbonation of 
Fly Ash Concrete.  Journal of Materials in Civil Engineering, ASCE 
September/October 2005.  pp 570-578.   
 
A model for carbonation of concrete with and without fly ash is proposed and 
seems to be accurate.  This paper is good for describing concrete reactions and not 
much more.  May not be what is needed for this report, but it is still informative.  
If fly ash is used with cement, the rate of carbonation increases.  Fly ash 
consumes calcium hydroxide (CH) that is produced in cement hydration.   
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Rada, Gonzalo, and Witczak, Matthew W.  Comprehensive Evaluation of 
Laboratory Resilient Moduli Results for Granular Materials.  Transportation 
Research Record, Vol. 810, pp 23-33.   
 
A database of unbound granular material resilient moduli from 10 different 
agencies (271 test results) is compiled and different factors and their effects are 
probed.  Here, resilient modulus is the ratio of cyclic deviator stress to resilient 
axial strain and it is modeled as  Mr = k1*Theta^k2.  There was a poor 
relationship between resilient modulus and USCS of AASHTO soil classification. 
Different characteristics investigated were: aggregate type, degree of saturation, 
loading conditions, percent compaction, and aggregate degradation.  Loading 
conditions has little effect on resilient modulus response.  Degree of saturation 
plays an important part in resilient modulus response.  At about 80-85% 
saturation, granular materials are unstable and fail in this test.  K1 and k3 vary 
with saturation and not in the same way for all materials.  Crusher run and other 
base material’s K1 is improved by about 60% when the compactive effort goes 
from standard to modified. (12300 to 56200 lb/ft^2).  The most important factors 
on resilient modulus are stress state, saturation, and density.  Bulk stresses for 
highway bases in a typical pavement range from 20 to 40 psi.  The Hueklom and 
Foster relation of CBR to resilient modulus corresponds to a bulk stress of almost 
400 psi.  and ew relationship of resilient modulus and cbr  is proposed, this time 
with bulk stress added.  

















B. APPENDIX B 




7-1 Summary of Resilient Modulus/ UCS Tests 
Model Parameters 













k1 k2 k3 r2
A1 optimum 8.28% 132.0 184 3079.730 0.394 0.498 0.931 
A2 optimum 8.11% 130.8 212 1562.452 0.271 1.761 0.932 
A3 optimum 8.71% 130.2 172 1202.578 0.971 0.469 0.973 
A4 optimum 9.14% 130.5 171 2790.655 0.403 0.570 0.987 
A5 optimum 8.88% 128.5 194 1306.887 1.433 -0.495 0.973 
A6 optimum 8.92% 132.3 158 1443.905 0.587 0.822 0.952 
4A1 optimum 8.55% 128.7 341 2003.444 0.468 0.222 0.980 





optimum 7.34% 128.8 376 2953.090 0.782 -0.111 0.980 
B1 optimum 7.03% 138.5 193 1592.736 0.784 0.437 0.926 
B2 optimum 6.94% 137.8 173 1955.028 0.892 -0.137 0.992 
B3 optimum 8.14% 133.9 210 2402.817 0.658 0.069 0.966 
B4 optimum 8.15% 134.5 212 1593.053 1.180 -0.396 0.949 
B5 optimum 7.76% 136.2 230 3796.166 0.472 -0.066 0.977 
B6 optimum 7.30% 137.3 258 2784.585 0.804 -0.142 0.962 
4B1 optimum 7.31% 138.8 418 2592.266 0.773 -0.091 0.979 





optimum 7.91% 137.4 376 2394.377 0.391 0.572 0.992 
C1 optimum 6.99% 139.0 149 1780.476 0.377 0.893 0.898 
C2 optimum 7.15% 139.6 164 2437.056 0.396 0.605 0.967 
C3 optimum 7.25% 138.5 229 1376.407 1.191 -0.247 0.914 
C4 optimum 7.30% 139.3 128 1932.406 0.352 1.092 0.909 
C5 optimum 7.20% 139.5 142 2205.087 0.522 0.699 0.905 
C6 optimum 7.14% 140.3 127 1894.927 0.617 0.415 0.877 
4C1 optimum 7.29% 138.3 204 2009.565 0.348 0.614 0.980 






optimum 6.78% 138.5 304 1609.028 0.308 0.684 0.927 
Note: Sample No. XN, where X= material type, n = specimen number. A = 
Gravel–cement, B= Limestone cement, C = Limestone-fly ash lime, 4AN, 














4V4 7 days  9.86% 128.6 267 
4V5 No RM 8.90% 130.1 230 
4V6   10.33% 127.5 213 
4V1 28 days 9.16% 126.3 314 




  8.90% 124.4 294 
4W4 7 days 5.62% 131.4 234 
4W5 no RM 6.53% 138.9 304 
4W6   7.74% 138.0 263 
4W1 28 days 7.26% 139.3 314 




  6.89% 140.1 345 
L1 7 days 7.98% 136.6 143 
L2 no RM 7.76% 136.9 162 
L3  7.16% 138.1 169 
D1 28 days 7.63% 138.2 255 
D3 noRM 7.23% 138.5 304 
D4   7.00% 139.2 283 
Y1 28 days  7.74% 135.5 336 





































E1 optimum 8.12% 128.6 100% 438.9 
E2 optimum 7.96% 128.1 100% 543.2 
E3 optimum 9.83% 126.1 98% 539.9 
E4 optimum 8.30% 128.9 101% 490.7 





optimum 8.61% 127.3 99% 447.5 
F1 optimum 7.25% 136.3 101% 635.2 
F2 optimum 6.79% 137.6 102% 687.2 
F3 optimum 6.81% 135.0 100% 415.4 
F4 optimum 7.07% 136.0 100% 582.4 





optimum 7.49% 132.1 98% 425.3 
H1 optimum 7.32% 138.8 101% 523.2 
H2 optimum 7.38% 140.1 102% 555.4 
H3 optimum 7.39% 138.7 101% 553.3 
H4 optimum 7.28% 137.8 101% 544.1 






optimum 6.79% 141.0 103% 684.1 















































































1 35300 3.225 3 12.225 1.520 3.380 -0.080 0.043 44215 
2 48171 5.868 3 14.868 2.766 3.515 0.005 0.075 49553 
3 58057 8.519 3 17.519 4.016 3.597 0.076 0.105 54713 
4 54590 4.698 5 19.698 2.214 3.570 0.127 0.061 54482 
5 69774 9.197 5 24.197 4.335 3.676 0.216 0.112 62663 
6 80824 13.739 5 28.739 6.477 3.740 0.291 0.159 70714 
7 85106 9.229 10 39.229 4.350 3.763 0.426 0.113 75832 
8 100791 18.213 10 48.213 8.586 3.836 0.516 0.200 90900 
9 105295 27.290 10 57.290 12.865 3.855 0.591 0.273 105821 
10 81258 9.192 15 54.192 4.333 3.743 0.567 0.112 86087 
11 90555 13.708 15 58.708 6.462 3.790 0.601 0.158 93663 
12 112638 27.248 15 72.248 12.845 3.884 0.692 0.273 115905 
13 99660 13.713 20 73.713 6.464 3.831 0.700 0.158 102456 
14 108075 18.239 20 78.239 8.598 3.866 0.726 0.200 110030 
15 126606 36.331 20 96.331 17.126 3.935 0.816 0.335 139502 
 
      





































Predicted Modulus vs Experimental 



































































































1 19372 2.921 3 11.921 1.377 3.120 -0.091 0.039 25407 
2 28559 5.630 3 14.630 2.654 3.288 -0.002 0.072 30723 
3 38804 8.332 3 17.332 3.928 3.422 0.072 0.103 36438 
4 30133 4.701 5 19.701 2.216 3.312 0.127 0.061 31837 
5 49193 9.204 5 24.204 4.339 3.525 0.217 0.112 41451 
6 66250 13.730 5 28.730 6.473 3.654 0.291 0.158 52351 
7 53532 9.219 10 39.219 4.346 3.561 0.426 0.112 47271 
8 83084 18.258 10 48.258 8.607 3.752 0.516 0.200 71346 
9 101532 27.244 10 57.244 12.843 3.839 0.590 0.273 100261 
10 48793 9.191 15 54.191 4.333 3.521 0.567 0.112 51536 
11 64186 13.726 15 58.726 6.470 3.640 0.602 0.158 63525 
12 103091 27.237 15 72.237 12.840 3.846 0.691 0.273 106762 
13 63853 13.735 20 73.735 6.475 3.638 0.700 0.158 67589 
14 78448 18.214 20 78.214 8.586 3.727 0.726 0.200 81188 

































     
Predicted Modulus vs Experimental 






































































































1 12172 2.870 3 11.870 1.353 2.918 -0.093 0.038 14968 
2 16397 5.520 3 14.520 2.602 3.047 -0.005 0.071 18855 
3 24901 8.239 3 17.239 3.884 3.229 0.069 0.102 23035 
4 24223 4.638 5 19.638 2.186 3.217 0.126 0.060 24994 
5 36894 9.163 5 24.163 4.320 3.400 0.216 0.112 32325 
6 49635 13.654 5 28.654 6.437 3.528 0.290 0.158 40081 
7 55370 9.142 10 39.142 4.310 3.576 0.425 0.112 51628 
8 77980 18.179 10 48.179 8.569 3.725 0.516 0.199 69452 
9 96149 27.161 10 57.161 12.804 3.816 0.590 0.272 88687 
10 73442 9.260 15 54.260 4.365 3.699 0.567 0.113 70993 
11 82410 13.650 15 58.650 6.434 3.749 0.601 0.158 80357 
12 108526 27.180 15 72.180 12.813 3.868 0.691 0.272 111255 
13 93097 13.661 20 73.661 6.440 3.802 0.700 0.158 100276 
14 101525 18.194 20 78.194 8.577 3.839 0.726 0.200 111174 
15 131168 36.205 20 96.205 17.067 3.951 0.816 0.335 157326 






































Predicted Modulus vs Experimental 








































































































1 37368 2.896 3 11.896 1.365 3.405 -0.092 0.039 39619 
2 44110 5.531 3 14.531 2.607 3.477 -0.005 0.071 44812 
3 50623 8.247 3 17.247 3.888 3.537 0.069 0.102 50011 
4 48053 4.681 5 19.681 2.207 3.514 0.127 0.061 49974 
5 59482 9.222 5 24.222 4.347 3.607 0.217 0.113 58157 
6 69654 13.779 5 28.779 6.496 3.676 0.292 0.159 66260 
7 74691 9.252 10 39.252 4.361 3.706 0.427 0.113 70692 
8 93295 18.235 10 48.235 8.596 3.803 0.516 0.200 86118 
9 103880 27.285 10 57.285 12.862 3.849 0.591 0.273 101583 
10 80212 9.170 15 54.170 4.323 3.737 0.566 0.112 80408 
11 88464 13.713 15 58.713 6.464 3.779 0.601 0.158 88267 
12 110985 27.211 15 72.211 12.828 3.878 0.691 0.272 111450 
13 93750 13.680 20 73.680 6.449 3.805 0.700 0.158 96694 
14 102407 18.217 20 78.217 8.588 3.843 0.726 0.200 104641 






































Predicted Modulus vs Experimental 








































































































1 16744 2.880 3 11.880 1.358 3.057 -0.093 0.038 13553 
2 18130 5.574 3 14.574 2.628 3.091 -0.004 0.071 17491 
3 19684 8.246 3 17.246 3.887 3.127 0.069 0.102 21500 
4 21241 4.736 5 19.736 2.232 3.160 0.128 0.061 27315 
5 28038 9.199 5 24.199 4.337 3.280 0.216 0.112 34519 
6 40196 13.678 5 28.678 6.448 3.437 0.290 0.158 41790 
7 75228 9.183 10 39.183 4.329 3.709 0.426 0.112 68861 
8 107992 18.276 10 48.276 8.615 3.866 0.516 0.200 83965 
9 108985 27.207 10 57.207 12.825 3.870 0.590 0.272 98623 
10 122199 9.182 15 54.182 4.328 3.920 0.567 0.112 109553 
11 127306 13.695 15 58.695 6.456 3.938 0.601 0.158 116573 
12 143219 27.211 15 72.211 12.827 3.989 0.691 0.272 137682 
13 145908 13.653 20 73.653 6.436 3.997 0.700 0.158 161447 
14 151465 18.174 20 78.174 8.567 4.013 0.726 0.199 167657 






































Predicted Modulus vs Experimental 








































































































1 16443 2.893 3 11.893 1.364 3.049 -0.092 0.039 20160 
2 21290 5.579 3 14.579 2.630 3.161 -0.004 0.071 24182 
3 28540 8.290 3 17.290 3.908 3.288 0.070 0.102 28340 
4 28763 4.680 5 19.680 2.206 3.292 0.127 0.061 28262 
5 40331 9.196 5 24.196 4.335 3.438 0.216 0.112 35175 
6 52036 13.720 5 28.720 6.467 3.549 0.291 0.158 42448 
7 53270 9.210 10 39.210 4.342 3.559 0.426 0.112 46720 
8 71732 18.211 10 48.211 8.585 3.688 0.516 0.200 62234 
9 83667 27.273 10 57.273 12.857 3.755 0.591 0.273 79086 
10 55131 9.160 15 54.160 4.318 3.574 0.566 0.112 56424 
11 64878 13.723 15 58.723 6.469 3.645 0.601 0.158 64617 
12 89429 27.233 15 72.233 12.838 3.784 0.691 0.273 90584 
13 67623 13.702 20 73.702 6.459 3.663 0.700 0.158 73813 
14 76720 18.188 20 78.188 8.574 3.718 0.726 0.200 82645 
15 101844 36.251 20 96.251 17.089 3.841 0.816 0.335 120651 





































Predicted Modulus vs Experimental 










































































































1 26534 3.187 3 12.187 1.502 3.256 -0.081 0.042 27565 
2 29819 5.806 3 14.806 2.737 3.307 0.003 0.074 30692 
3 33298 8.492 3 17.492 4.003 3.355 0.076 0.105 33704 
4 36136 4.934 5 19.934 2.326 3.391 0.132 0.064 35090 
5 37532 9.355 5 24.355 4.410 3.407 0.219 0.114 39541 
6 45900 13.840 5 28.840 6.524 3.494 0.293 0.160 43805 
7 56008 9.385 10 39.385 4.424 3.581 0.428 0.114 49525 
8 61927 18.397 10 48.397 8.672 3.625 0.518 0.201 57025 
9 64177 27.354 10 57.354 12.895 3.640 0.591 0.274 64062 
10 56159 9.356 15 54.356 4.410 3.582 0.568 0.114 57578 
11 59949 13.865 15 58.865 6.536 3.610 0.603 0.160 61183 
12 70693 27.359 15 72.359 12.897 3.682 0.692 0.274 71426 
13 64986 13.882 20 73.882 6.544 3.646 0.701 0.160 68055 
14 69508 18.361 20 78.361 8.656 3.675 0.727 0.201 71444 
15 82465 36.455 20 96.455 17.185 3.749 0.817 0.336 84377 





































Predicted Modulus vs Experimental 








































































































1 15677 3.282 3 12.282 1.547 3.028 -0.078 0.043 17854 
2 20740 5.975 3 14.975 2.817 3.149 0.008 0.076 21688 
3 25812 8.682 3 17.682 4.093 3.244 0.080 0.107 25516 
4 29956 5.108 5 20.108 2.408 3.309 0.136 0.066 29216 
5 37764 9.588 5 24.588 4.520 3.410 0.223 0.116 35495 
6 45496 14.105 5 29.105 6.649 3.491 0.297 0.162 41770 
7 60353 9.286 10 39.286 4.377 3.613 0.427 0.113 56892 
8 74962 18.697 10 48.697 8.814 3.708 0.520 0.204 69652 
9 84977 27.693 10 57.693 13.055 3.762 0.594 0.276 81711 
10 77964 9.598 15 54.598 4.524 3.725 0.570 0.117 79175 
11 86198 14.125 15 59.125 6.659 3.768 0.604 0.162 85193 
12 104913 27.688 15 72.688 13.052 3.854 0.694 0.276 103084 
13 98267 14.114 20 74.114 6.653 3.825 0.703 0.162 106930 
14 113906 18.621 20 78.621 8.778 3.889 0.728 0.203 112771 
15 120689 36.725 20 96.725 17.312 3.914 0.818 0.338 136123 
  



































Predicted Modulus vs Experimental 








































































































1 32293 3.035 3 12.035 1.431 3.342 -0.087 0.040 36744 
2 40154 5.728 3 14.728 2.700 3.436 0.001 0.073 42667 
3 48120 8.478 3 17.478 3.997 3.515 0.075 0.104 48391 
4 55467 4.842 5 19.842 2.283 3.577 0.130 0.063 54012 
5 66680 9.339 5 24.339 4.402 3.657 0.219 0.114 62541 
6 78295 13.956 5 28.956 6.579 3.726 0.294 0.161 70786 
7 99219 9.399 10 39.399 4.431 3.829 0.428 0.114 91132 
8 115455 18.595 10 48.595 8.766 3.895 0.519 0.203 104964 
9 124261 27.535 10 57.535 12.980 3.927 0.593 0.275 117600 
10 117734 9.389 15 54.389 4.426 3.904 0.568 0.114 117265 
11 123109 13.977 15 58.977 6.589 3.923 0.603 0.161 123452 
12 140281 27.547 15 72.547 12.986 3.980 0.693 0.275 140971 
13 138296 13.965 20 73.965 6.583 3.973 0.702 0.161 147369 
14 144181 18.532 20 78.532 8.736 3.992 0.728 0.203 152791 
15 156111 36.638 20 96.638 17.271 4.026 0.818 0.337 173600 
 
      





































Predicted Modulus vs Experimental 









































































































1 15146 3.004 3 12.004 1.416 3.013 -0.088 0.040 20795 
2 22357 5.730 3 14.730 2.701 3.182 0.001 0.073 25243 
3 30309 8.438 3 17.438 3.978 3.314 0.074 0.104 29717 
4 30730 4.904 5 19.904 2.312 3.320 0.132 0.063 31645 
5 47755 9.397 5 24.397 4.430 3.512 0.220 0.114 39067 
6 62247 13.896 5 28.896 6.551 3.627 0.294 0.160 46704 
7 70165 9.383 10 39.383 4.423 3.679 0.428 0.114 56849 
8 86307 18.409 10 48.409 8.678 3.769 0.518 0.201 72954 
9 97812 27.361 10 57.361 12.898 3.823 0.591 0.274 89589 
10 72036 9.331 15 54.331 4.399 3.690 0.568 0.114 73113 
11 82201 13.860 15 58.860 6.533 3.748 0.602 0.160 81531 
12 103494 27.381 15 72.381 12.908 3.848 0.692 0.274 107515 
13 86828 13.869 20 73.869 6.538 3.771 0.701 0.160 97425 
14 94470 18.389 20 78.389 8.669 3.808 0.727 0.201 106416 
15 114051 36.356 20 96.356 17.138 3.890 0.817 0.336 143177 
      



































Predicted Modulus vs Experimental 









































































































1 22402 3.114 3 12.114 1.468 3.183 -0.084 0.041 23871 
2 26618 5.751 3 14.751 2.711 3.258 0.002 0.074 28169 
3 32034 8.474 3 17.474 3.994 3.338 0.075 0.104 32445 
4 36858 4.905 5 19.905 2.312 3.399 0.132 0.063 36915 
5 45524 9.352 5 24.352 4.409 3.491 0.219 0.114 43492 
6 53787 13.945 5 28.945 6.574 3.563 0.294 0.161 49999 
7 71687 9.412 10 39.412 4.437 3.688 0.428 0.115 66803 
8 84048 18.457 10 48.457 8.701 3.757 0.518 0.202 78143 
9 92968 27.434 10 57.434 12.932 3.801 0.592 0.274 88889 
10 86869 9.412 15 54.412 4.437 3.772 0.568 0.115 89067 
11 94439 13.920 15 58.920 6.562 3.808 0.603 0.160 94253 
12 110611 27.443 15 72.443 12.937 3.876 0.693 0.274 109335 
13 112016 13.928 20 73.928 6.566 3.882 0.701 0.160 115391 
14 116136 18.421 20 78.421 8.684 3.898 0.727 0.202 120057 
15 125432 36.412 20 96.412 17.165 3.931 0.817 0.336 138364 
 
      





































Predicted Modulus vs Experimental 







































































































1 25985 3.057 3 12.057 1.441 3.247 -0.086 0.041 31202 
2 33749 5.698 3 14.698 2.686 3.361 0.000 0.073 35726 
3 40452 8.391 3 17.391 3.956 3.440 0.073 0.103 40103 
4 47392 4.780 5 19.780 2.253 3.508 0.129 0.062 43362 
5 51919 9.249 5 24.249 4.360 3.548 0.217 0.113 49982 
6 63740 13.760 5 28.760 6.486 3.637 0.291 0.159 56327 
7 75082 9.269 10 39.269 4.369 3.708 0.427 0.113 68642 
8 86969 18.277 10 48.277 8.616 3.772 0.516 0.200 79725 
9 94824 27.249 10 57.249 12.845 3.810 0.590 0.273 90213 
10 83751 9.235 15 54.235 4.354 3.756 0.567 0.113 84887 
11 90495 13.753 15 58.753 6.483 3.789 0.602 0.159 90129 
12 105123 27.264 15 72.264 12.853 3.854 0.692 0.273 105159 
13 97727 13.767 20 73.767 6.490 3.823 0.701 0.159 104691 
14 103231 18.253 20 78.253 8.604 3.846 0.726 0.200 109549 
15 115129 36.245 20 96.245 17.086 3.894 0.816 0.335 128232 
      



































Predicted Modulus vs Experimental 








































































































1 12553 2.938 3 11.938 1.385 2.931 -0.090 0.039 17676 
2 18621 5.705 3 14.705 2.690 3.103 0.000 0.073 21919 
3 25775 8.415 3 17.415 3.967 3.244 0.074 0.104 26020 
4 36059 4.854 5 19.854 2.288 3.390 0.131 0.063 31528 
5 48228 9.318 5 24.318 4.393 3.516 0.219 0.114 38241 
6 57585 13.846 5 28.846 6.527 3.593 0.293 0.160 44855 
7 80887 9.361 10 39.361 4.413 3.741 0.428 0.114 67476 
8 93055 18.364 10 48.364 8.657 3.801 0.517 0.201 79472 
9 96626 27.331 10 57.331 12.884 3.818 0.591 0.273 90939 
10 94539 9.342 15 54.342 4.404 3.808 0.568 0.114 98748 
11 103344 13.862 15 58.862 6.534 3.847 0.603 0.160 104059 
12 114345 27.391 15 72.391 12.912 3.891 0.692 0.274 119705 
13 120609 13.914 20 73.914 6.559 3.914 0.701 0.160 136076 
14 124742 18.415 20 78.415 8.681 3.929 0.727 0.202 140510 
15 134442 36.381 20 96.381 17.150 3.961 0.817 0.336 158575 
 
      





































Predicted Modulus vs Experimental 







































































































1 50899 2.834 3 11.834 1.336 3.539 -0.094 0.038 50086 
2 49641 5.593 3 14.593 2.636 3.529 -0.003 0.072 55011 
3 55965 8.266 3 17.266 3.897 3.581 0.070 0.102 59284 
4 68170 4.691 5 19.691 2.211 3.666 0.127 0.061 63473 
5 71275 9.319 5 24.319 4.393 3.686 0.219 0.114 69568 
6 77727 13.715 5 28.715 6.465 3.723 0.291 0.158 74738 
7 92545 9.208 10 39.208 4.341 3.799 0.426 0.112 87180 
8 98844 18.197 10 48.197 8.578 3.828 0.516 0.200 94843 
9 104810 27.255 10 57.255 12.848 3.853 0.590 0.273 101743 
10 99978 9.187 15 54.187 4.331 3.833 0.567 0.112 101571 
11 102713 13.674 15 58.674 6.446 3.844 0.601 0.158 104730 
12 114229 27.271 15 72.271 12.856 3.890 0.692 0.273 113567 
13 112184 13.704 20 73.704 6.460 3.883 0.700 0.158 116631 
14 116196 18.209 20 78.209 8.584 3.898 0.726 0.200 119192 
15 125296 36.248 20 96.248 17.087 3.931 0.816 0.335 128800 
      



































Predicted Modulus vs Experimental 








































































































1 30449 2.850 3 11.850 1.343 3.316 -0.094 0.038 33996 
2 35230 5.581 3 14.581 2.631 3.380 -0.004 0.071 39724 
3 45457 8.274 3 17.274 3.901 3.490 0.070 0.102 45068 
4 49588 4.663 5 19.663 2.198 3.528 0.126 0.061 50702 
5 61344 9.168 5 24.168 4.322 3.620 0.216 0.112 58846 
6 75790 13.734 5 28.734 6.474 3.712 0.291 0.158 66605 
7 102278 9.148 10 39.148 4.312 3.842 0.425 0.112 86724 
8 117235 18.205 10 48.205 8.582 3.902 0.516 0.200 99604 
9 121125 27.317 10 57.317 12.877 3.916 0.591 0.273 111752 
10 115899 9.175 15 54.175 4.325 3.897 0.566 0.112 112595 
11 117381 13.723 15 58.723 6.469 3.902 0.601 0.158 118321 
12 133422 27.270 15 72.270 12.855 3.958 0.692 0.273 134658 
13 129846 13.664 20 73.664 6.441 3.946 0.700 0.158 141998 
14 130517 18.175 20 78.175 8.568 3.948 0.726 0.199 146929 
15 144514 36.220 20 96.220 17.074 3.993 0.816 0.335 166095 
      







































Predicted Modulus vs Experimental 










































































































1 26786 2.934 3 11.934 1.383 3.261 -0.091 0.039 32173 
2 36928 5.790 3 14.790 2.729 3.400 0.003 0.074 37695 
3 43580 8.566 3 17.566 4.038 3.472 0.077 0.105 42768 
4 49989 4.871 5 19.871 2.296 3.532 0.131 0.063 47465 
5 59180 9.481 5 24.481 4.469 3.605 0.222 0.115 55156 
6 68153 14.029 5 29.029 6.613 3.666 0.161 0.296 62310 
7 84122 9.385 10 39.385 4.424 3.758 0.428 0.114 79658 
8 100704 18.530 10 48.530 8.735 3.836 0.203 0.519 91880 
9 106470 27.552 10 57.552 12.988 3.860 0.593 0.275 103230 
10 103492 9.464 15 54.464 4.461 3.848 0.569 0.115 102309 
11 107431 13.974 15 58.974 6.587 3.864 0.603 0.161 107754 
12 122286 27.560 15 72.560 12.992 3.920 0.693 0.275 123467 
13 121345 13.971 20 73.971 6.586 3.917 0.702 0.161 128369 
14 125726 18.497 20 78.497 8.719 3.932 0.728 0.202 133227 
15 139089 36.570 20 96.570 17.239 3.976 0.818 0.337 151985 
      







































Predicted Modulus vs Experimental 








































































































1 34294 3.199 3 12.199 1.508 3.368 -0.081 0.042 38005 
2 40413 5.858 3 14.858 2.761 3.439 0.005 0.075 43145 
3 47866 8.554 3 17.554 4.032 3.513 0.077 0.105 48034 
4 50957 4.996 5 19.996 2.355 3.540 0.134 0.065 52204 
5 63369 9.455 5 24.455 4.457 3.635 0.221 0.115 59432 
6 73863 13.997 5 28.997 6.598 3.701 0.295 0.161 66328 
7 91317 9.481 10 39.481 4.469 3.793 0.429 0.115 80829 
8 102232 18.537 10 48.537 8.739 3.842 0.519 0.203 92359 
9 107650 27.500 10 57.500 12.964 3.865 0.592 0.275 103039 
10 99563 9.431 15 54.431 4.446 3.831 0.569 0.115 99332 
11 102900 13.924 15 58.924 6.564 3.845 0.603 0.160 104564 
12 117130 27.472 15 72.472 12.951 3.901 0.693 0.274 119542 
13 113782 13.910 20 73.910 6.557 3.889 0.701 0.160 120937 
14 119019 18.437 20 78.437 8.691 3.908 0.727 0.202 125688 
15 130923 36.527 20 96.527 17.219 3.950 0.817 0.337 143771 
 
      










































Predicted Modulus vs Experimental 







































































































1 32832 3.138 3 12.138 1.479 3.349 -0.083 0.042 34503 
2 38283 5.809 3 14.809 2.738 3.416 0.003 0.074 38922 
3 42702 8.542 3 17.542 4.027 3.463 0.077 0.105 43314 
4 43391 4.940 5 19.940 2.329 3.470 0.132 0.064 43127 
5 51304 9.448 5 24.448 4.454 3.543 0.221 0.115 49950 
6 58808 14.012 5 29.012 6.605 3.602 0.295 0.161 56755 
7 62091 9.464 10 39.464 4.461 3.626 0.429 0.115 60233 
8 76128 48.525 8.733 3.714 0.519 18.525 10 0.203 73264 
9 89140 27.464 10 57.464 12.947 3.783 0.592 0.274 86029 
10 68600 9.409 15 54.409 4.436 3.669 0.568 0.115 68230 
11 75297 13.950 15 58.950 6.576 3.709 0.603 0.161 74801 
12 95669 27.470 15 72.470 12.949 3.813 0.693 0.274 94193 
13 78982 13.947 20 73.947 6.575 3.730 0.702 0.161 81721 
14 86394 18.459 20 78.459 8.702 3.769 0.727 0.202 88318 
15 107303 36.518 20 96.518 17.215 3.863 0.817 0.337 114356 
      







































Predicted Modulus vs Experimental 










































































































1 19146 3.131 3 12.131 1.476 3.115 -0.083 0.042 26518 
2 28752 5.816 3 14.816 2.742 3.291 0.003 0.074 30580 
3 36786 8.486 3 17.486 4.000 3.398 0.075 0.105 34638 
4 34742 4.935 5 19.935 2.327 3.374 0.132 0.064 33468 
5 47711 9.389 5 24.389 4.426 3.511 0.220 0.114 40057 
6 57255 13.992 5 28.992 6.596 3.590 0.295 0.161 47057 
7 55123 9.393 10 39.393 4.428 3.574 0.428 0.114 47987 
8 71371 18.514 10 48.514 8.728 3.686 0.519 0.202 62201 
9 78491 27.558 10 57.558 12.991 3.728 0.593 0.275 77015 
10 50144 9.375 15 54.375 4.419 3.533 0.568 0.114 54157 
11 61753 13.945 15 58.945 6.574 3.623 0.603 0.161 61412 
12 81984 27.546 15 72.546 12.985 3.746 0.693 0.275 84010 
13 62408 13.953 20 73.953 6.577 3.628 0.702 0.161 66896 
14 71437 18.488 20 78.488 8.715 3.687 0.727 0.202 74517 
15 89572 36.430 20 96.430 17.173 3.785 0.817 0.336 106043 
 
      










































Predicted Modulus vs Experimental 





































































































1 30348 3.013 3 12.013 1.420 3.315 -0.088 0.040 34971 
2 38363 5.696 3 14.696 2.685 3.417 0.000 0.073 39647 
3 45227 8.376 3 17.376 3.949 3.488 0.073 0.103 44202 
4 5 3.468 43945 43230 4.795 19.795 2.260 0.129 0.062 
5 55050 24.282 0.218 0.113 9.282 5 4.375 3.573 51158 
6 65475 58384 13.820 5 28.820 6.515 3.649 0.292 0.159 
7 67150 9.308 10 39.308 4.388 3.660 0.427 0.113 61930 
8 81426 10 8.632 3.743 0.201 18.312 48.312 0.517 75876 
9 92179 27.299 10 57.299 12.869 3.797 0.591 0.273 89798 
10 69423 9.332 15 54.332 4.399 3.674 0.568 0.114 70421 
11 77383 13.829 15 58.829 6.519 3.721 0.602 0.159 77452 
12 97027 27.236 15 72.236 12.839 3.820 0.691 0.273 98358 
13 81454 13.863 20 73.863 6.535 3.744 0.701 0.160 84792 
14 88717 18.303 20 78.303 8.628 3.781 0.726 0.201 91850 




      







































Predicted Modulus vs Experimental 







































































































1 9438 2.899 3 11.899 1.367 2.808 -0.092 0.039 15388 
2 15653 5.646 3 14.646 2.662 3.027 -0.002 0.072 19335 
3 22867 8.412 3 17.412 3.966 3.192 0.074 0.104 23340 
4 34227 4.779 5 19.779 2.253 3.367 0.129 0.062 27819 
5 47446 9.410 5 24.410 4.436 3.509 0.220 0.115 34691 
6 59105 13.932 5 28.932 6.568 3.604 0.294 0.160 41385 
7 77085 9.447 10 39.447 4.453 3.720 0.429 0.115 61441 
8 89510 18.451 10 48.451 8.698 0.518 3.785 0.202 74713 
9 98164 27.443 10 57.443 12.937 3.825 0.592 0.274 87832 
10 88881 9.462 15 54.462 4.460 3.781 0.569 0.115 90220 
11 93592 13.925 15 58.925 6.564 3.804 0.603 0.160 96583 
12 111063 27.463 15 72.463 12.946 3.878 0.693 0.274 115824 
13 107632 13.930 20 73.930 6.567 3.865 0.702 0.160 126549 
14 110477 18.456 20 78.456 8.700 3.876 0.727 0.202 132668 
15 123563 36.553 20 96.553 17.231 3.925 0.817 0.337 157350 
 
      






































Predicted Modulus vs Experimental 








































































































1 22538 3.013 3 12.013 1.420 3.186 -0.088 0.040 29260 
2 30823 5.798 3 14.798 2.733 3.322 0.003 0.074 34302 
3 39952 8.535 3 17.535 4.023 3.434 0.077 0.105 39367 
4 37457 4.896 5 19.896 2.308 3.406 0.131 0.063 37057 
5 54373 9.413 5 24.413 4.437 3.568 0.220 0.115 45302 
6 68026 13.965 54035 5 28.965 6.583 3.665 0.295 0.161 
7 62489 9.389 10 39.389 4.426 3.628 0.428 0.114 53579 
8 84338 18.605 10 48.605 8.770 3.759 0.203 0.519 72149 
9 92604 27.397 10 57.397 12.915 3.799 0.592 0.274 91368 
10 55554 9.373 15 54.373 4.419 3.577 0.568 0.114 59996 
11 69786 13.975 15 58.975 6.588 3.676 0.603 0.161 69426 
12 97453 27.398 15 72.398 12.916 3.821 0.692 0.274 99155 
13 69147 13.933 20 73.933 6.568 3.672 0.702 0.160 75102 
14 81387 18.524 20 78.524 8.732 3.743 0.728 0.202 85276 
 
 
      
 







































Predicted Modulus vs Experimental 








































































































1 21847 3.040 3 12.040 1.433 3.172 -0.087 0.040 31172 
2 33496 5.804 3 14.804 2.736 3.358 0.003 0.074 36655 
3 43332 8.348 3 17.348 3.935 3.469 0.072 0.103 41711 
4 45856 4.982 5 19.982 2.349 3.494 0.133 0.064 42196 
5 61779 9.369 5 24.369 4.417 3.624 0.220 0.114 50697 
6 75924 14.117 5 29.117 6.655 3.713 0.297 0.162 60103 
7 75787 9.408 10 39.408 4.435 3.712 0.428 0.115 65183 
8 96186 18.616 10 48.616 8.776 3.816 0.519 0.203 83899 
9 3.859 0.276 106194 27.631 10 57.631 13.025 0.593 102988 
10 72606 9.425 15 54.425 4.443 3.694 0.568 0.115 77161 
11 86355 14.029 15 59.029 6.613 3.769 0.604 0.161 86774 
12 112272 27.627 15 72.627 13.024 3.883 0.694 0.276 116186 
13 88942 14.023 20 74.023 6.611 3.782 0.702 0.161 97638 
14 101236 18.551 20 78.551 8.745 3.838 0.728 0.203 107656 
15 125584 36.611 20 96.611 17.259 3.932 0.818 0.337 148915 
 
      







































Predicted Modulus vs Experimental 








































































































1 17709 3.138 3 12.138 1.479 3.081 -0.083 0.042 25753 
2 25697 5.880 3 14.880 2.772 3.243 0.005 0.075 30150 
3 34290 8.589 3 17.589 4.049 3.368 0.078 0.106 34421 
4 40268 4.973 5 19.973 2.344 3.438 0.133 0.064 35788 
5 55333 9.497 5 24.497 4.477 3.576 0.222 0.115 42628 
6 65799 14.037 5 29.037 6.617 3.651 0.296 0.161 49468 
7 68982 9.514 10 39.514 4.485 3.671 0.429 0.116 57271 
8 82341 18.527 10 48.527 8.734 3.748 0.519 0.203 70637 
9 87984 27.521 10 57.521 12.973 3.777 0.593 0.275 84055 
10 66296 9.479 15 54.479 4.469 3.654 0.569 0.115 69803 
11 75411 13.995 15 58.995 6.597 3.710 0.603 0.161 76593 
12 93936 27.538 15 72.538 12.982 3.806 0.693 0.275 97007 
13 77737 13.993 20 73.993 6.597 3.723 0.702 0.161 88086 
14 86181 18.497 20 78.497 8.719 3.768 0.728 0.202 95029 
15 101653 36.560 20 96.560 17.235 3.840 0.817 0.337 122807 
 
      








































Predicted Modulus vs Experimental 










































































































1 26775 3.191 3 12.191 1.504 3.260 -0.081 0.042 29383 
2 32064 5.863 3 14.863 2.764 3.339 0.005 0.075 32961 
3 37077 8.523 3 17.523 4.018 3.402 0.076 0.105 36421 
4 35529 5.042 5 20.042 2.377 3.383 0.135 0.065 36075 
5 43985 9.475 5 24.475 4.467 3.476 0.221 0.115 41511 
6 50751 14.025 5 29.025 6.611 3.538 0.295 0.161 47009 
7 53240 9.547 10 39.547 4.501 3.559 0.430 0.116 49105 
8 62758 18.615 10 48.615 8.775 3.630 0.519 0.203 59688 
9 69217 27.603 10 57.603 13.012 3.673 0.593 0.275 70103 
10 53708 9.472 15 54.472 4.465 3.563 0.569 0.115 54829 
11 59380 13.973 15 58.973 6.587 3.606 0.603 0.161 60117 
12 74769 27.542 15 72.542 12.984 3.706 0.693 0.275 75911 
13 63230 13.939 20 73.939 6.571 3.634 0.702 0.160 65008 
14 68904 18.471 20 78.471 8.707 3.671 0.727 0.202 70381 
15 88110 36.533 20 96.533 17.222 3.778 0.817 0.337 91503 
 
      







































Predicted Modulus vs Experimental 








































































































1 21144 3.176 3 12.176 1.497 3.158 -0.082 0.042 20258 
2 24575 5.811 3 14.811 2.739 3.223 0.003 0.074 24496 
3 28583 8.506 3 17.506 4.010 3.289 0.076 0.105 28975 
4 27278 4.937 5 19.937 2.327 3.268 0.132 0.064 29266 
5 35542 9.456 5 24.456 4.457 3.383 0.221 0.115 36876 
6 46754 13.980 5 28.980 6.590 3.503 0.295 0.161 44963 
7 53108 9.449 10 39.449 4.454 3.558 0.429 0.115 50647 
8 74085 18.468 10 48.468 8.706 3.702 0.518 0.202 68310 
9 88090 27.203 10 57.203 12.824 3.778 0.590 0.272 86955 
10 57566 9.414 15 54.414 4.438 3.593 0.568 0.115 62658 
11 69102 13.952 15 58.952 6.577 3.672 0.603 0.161 72007 
12 94058 27.369 15 72.369 12.902 3.806 0.692 0.274 101883 
13 72210 13.935 20 73.935 6.569 3.691 0.702 0.160 83664 
14 131207 18.449 20 78.449 8.697 3.951 0.727 0.202 94012 
15 127458 36.583 20 96.583 17.246 3.938 0.818 0.337 138919 
 
      





































Predicted Modulus vs Experimental 








































































































1 19377 2.876 3 11.876 1.356 3.120 -0.093 0.038 23524 
2 24417 5.776 3 14.776 2.723 3.220 0.002 0.074 26610 
3 29415 8.321 3 17.321 3.922 3.301 0.071 0.103 29248 
4 33579 4.917 5 19.917 2.318 3.359 0.132 0.064 28710 
5 35861 9.155 5 24.155 4.316 3.387 0.216 0.112 32873 
6 40622 13.573 5 28.573 6.398 3.441 0.289 0.157 37171 
7 42344 9.140 10 39.140 4.309 3.459 0.425 0.112 38139 
8 50708 18.243 10 48.243 8.600 3.538 0.516 0.200 46755 
9 56489 27.268 10 57.268 12.854 3.585 0.591 0.273 55284 
10 39601 9.157 15 54.157 4.317 3.430 0.566 0.112 42168 
11 44325 13.533 15 58.533 6.380 3.479 0.600 0.157 46342 
12 58976 27.275 15 72.275 12.858 3.603 0.692 0.273 59403 
13 47869 13.583 20 73.583 6.403 3.513 0.699 0.157 49767 
14 52115 18.225 20 78.225 8.591 3.550 0.726 0.200 54255 
15 66683 36.358 20 96.358 17.139 3.657 0.817 0.336 71650 
 
      








































Predicted Modulus vs Experimental 















































Table 7-4 Material Composition of Type I Portland Cement (Tinsley, 2007) 
Unconfined Compression/ CBR tests:   
• Universal Testing System.  Instron SATEC Series Model 5590 HVL 
Series.  Static Hydraulic Universal Testing System. 
 
Resilient Modulus Tests:   
• Controller- MTS Material Testing Sysem 458.20 Microconsole (Figure C-
2) 
• Data Acquisition System- National Instruments NI SCXI-1000, Panel 
BNC2095, Software – Labview7.1, 2004.  (Figure C-3) 
• Load Frame – SBEL Structural Behavior Engineering Laboratories 
(Figure C-4) 
• Load Cell- Interface Model 1210ATY-2K , 2000 lb.  
• LVDTs (2)- Schaevitz Sensors GCA-121-250  ¾ inch range 
• Hydraulic System – MTS Flextest SE  and pump 
• Large Sample Triaxial Cells(2)  (Figure C-5)  
• Air panel – manufactured by Brainard Killman, capable of 100 psi 








[Buzzi Unicem USA, INC., Signal Mountain Plant]  
Composition  Percent (mass)  
Silicon Dioxide  20.3  
Aluminum Dioxide  4.9  
Ferric Oxide  3.6  
Calcium Oxide  63.3  
Magnesium Oxide  3.1  
Sulfur Trioxide  2.9  
Loss in Ignition  1.4  
Insoluble Residue  0.21  




Table 7-5 Chemical Properties of Class F Fly Ash (Tinsley, 2007) 
 
  Typical Range of  
 Element  Concentration  
1  Silica (SiO2)  41 - 58%  
 Amorphous  42 - 53.5  
 Crysalline  3.0 - 7.0  
2  Alumina (Al2O3)  18.1 - 28.6%  
3  Iron oxide (Fe2O3)  9.9 - 26%  
4  Calcium oxide (CaO)  0.8 - 4.5%  
5  Magnesium oxide (MgO)  0.7 - 1.4%  
6  Sodium oxide (Na2O)  0.2 - 0.6%  
7  Potassium oxide (K2O)  1.5 - 3.3%  
8  Titanium dioxide (TiO2)  1.0 - 1.9%  
9  Sulfur trioxide (SO3)  0.1 - 2.2%  
 Phosphorus pentoxide   
10  (P2O5)  nil - 1.5%  
11  Loss on ignition  1.9 - 8.0%  
12  pH  4.1 - 9.5  
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Figure 7-1 MTS Micro console 









Figure 7-3 Load Frame with Load Cell and Large Triaxial Cell 
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